Introduction
The adipose tissue plays a key role in regulating whole-body energy homeostasis through storage and release of lipids according to need. In humans, the subcutaneous adipose tissue (SAT) is the largest and best site to store excess lipids and release them according to needs (1, 2) . SAT is also an important regulator of whole-body insulin sensitivity by preventing ectopic lipid accumulation and through its thermogenic and endocrine functions (1, 3, 4) .
Most studies of adipose tissue function and metabolism have focused on the adipose cells, but recent studies have also emphasized the importance of stromal vascular cells, including progenitor and inflammatory cells (4, 5) .
Very little is known about the role of the abundant microvascular endothelial cells in the adipose tissue apart from their critical role in regulating angiogenesis, essential for normal adipose tissue expansion (6, 7) . However, by virtue of providing a barrier between the blood and adipose tissue cells, they must also be important regulators of lipid transport to and from the bloodstream. In support of this, it was recently shown that inducing apoptosis in adipose endothelial cells with specific peptides reduced both obesity and insulin resistance in obese monkeys (8) . Furthermore, a recent extensive study showed that endothelial cells and adipose cells can cross-talk through the release of extracellular vesicles regulated by glucagon, sphingomyelinase, and ceramide generation (9) . In agreement with this, it was previously shown that the adipose tissue is a rich source of systemic trafficking of extracellular vesicles targeting other tissues (10) .
Two principal mechanisms for fatty acid (FA) transport have been described: the diffusion model with a rapid rate of FA "flip-flop" across the plasma membrane independent of proteins (11, 12) and the facilitated, protein-mediated mechanism (13, 14) . However, the precise mechanisms by which different tissues take up FAs are still under debate.
PPARγ is the key regulator of adipose cell differentiation and ability to store lipids and the synthetic PPARγ agonists, the thiazolidinediones (TZDs), and to lower free FA levels in humans, primarily by Human adipose cells cannot secrete endogenous PPARγ ligands and are dependent on unknown exogenous sources. We postulated that the adipose tissue microvascular endothelial cells (aMVECs) cross-talk with the adipose cells for fatty acid (FA) transport and storage and also may secrete PPARγ ligands. We isolated aMVECs from human subcutaneous adipose tissue and showed that in these cells, but not in (pre)adipocytes from the same donors, exogenous FAs increased cellular PPARγ activation and markedly increased FA transport and the transporters FABP4 and CD36. Importantly, aMVECs only accumulated small lipid droplets and could not be differentiated to adipose cells and are not adipose precursor cells. FA exchange between aMVECs and adipose cells was bidirectional, and FA-induced PPARγ activation in aMVECs was dependent on functional adipose triglyceride lipase (ATGL) protein while deleting hormone-sensitive lipase in aMVECs had no effect. aMVECs also released lipids to the medium, which activated PPARγ in reporter cells as well as in adipose cells in coculture experiments, and this positive cross-talk was also dependent on functional ATGL in aMVECs. In sum, aMVECs are highly specialized endothelial cells, cannot be differentiated to adipose cells, are adapted to regulating lipid transport and secreting lipids that activate PPARγ, and thus, regulate adipose cell function.
directing lipids into the adipose tissue and away from liver and muscle and, thereby, improving insulin resistance. The adipose cells require PPARγ activation, and human cells, in contrast with murine 3T3-L1 cells (15, 16) , are unable to secrete endogenous PPARγ ligands and are dependent on exogenous TZD sources for differentiation in vitro (17) . However, nothing is known about the in vivo situation and the presence of endogenous PPARγ ligands. Interestingly, genetic animal models have also documented the importance of PPARγ in the endothelial cells for peripheral lipid uptake (18, 19) . Obese mice lacking endothelial PPARγ have increased circulating free FA levels and decreased expression of the lipid transporters FA translocase (FAT/CD36) and FA-binding protein 4 (FABP4) in peripheral tissues (18, 19) . The positive effects of exogenous PPARγ ligands in increasing lipid uptake and FA transporters in human endothelial cells have also recently been reported (20) .
Adipose triglyceride lipase (ATGL) plays a key role for lipid droplet degradation in adipocytes and nonadipocyte cells and exhibits high specificity for triglycerides (21, 22) . Apart from regulating lipolysis in response to cAMP activation, ATGL may also play a role in the formation of lipid activators of PPARα in the heart (23) and liver (24, 25) .
In this study, we isolated and purified primary microvascular endothelial cells (aMVECs) from human SAT needle biopsies, using our previously reported method (26) , to examine FA transport and potential cross-talk between purified aMVECs and preadipocytes (PAs) in the stromal vascular cell fraction isolated from the same donors. Our data show an intimate cross-talk between these cells and that aMVECs regulate adipose tissue FA transport as well as adipose cell PPARγ activation through functional ATGL in aMVECs.
Results
We first examined FA transport in purified aMVECs and its regulation through ambient FA levels, focusing on potential long-term effects of elevated ambient FA levels as seen in obesity and type 2 diabetes (T2D). Figure 1A shows basal uptake and that the presence of 300 μM oleic acid (OA), the major circulating FA in humans, for 24 hours increased transport several-fold in aMVECs. Thus, aMVECs adapt to the ambient FA levels in their ability to transport FA, suggesting that human conditions with increased FA levels are associated with enhanced transport capacity across the aMVECs to and from the adipose cells.
PPARγ and FA regulate lipid transporters in aMVECs but not in HUVECs or cardiac microvascular cells. To further address this, we tested whether aMVECs are specialized and differ from other microvascular or macrovascular cells. We examined the regulation of the key lipid transporters FABP4 and CD36 in human macrovascular HUVECs, aMVECs, and human microvascular cardiac-derived endothelial cells (cMVECs). Both of these transporters were robustly expressed at the transcription level, but neither OA nor the PPARγ ligand rosiglitazone (ROSI) affected their transcript or protein levels in HUVECs, while aMVECs were clearly responsive to both, including for PPARγ activation (Figure 1, B-D) . Human cMVECs, like HUVECs, did not respond to OA for transcriptional activation of either PPARγ or FA transporters ( Figure  1G ). Thus, the difference in regulation by FA is because of tissue source, rather than micro-or macrovascular origin, and shows that aMVECs are specialized in their response to FAs. Because both FABP4 and CD36 are well-established PPAR-responsive genes (14, 17) , these data suggest that OA activates PPARγ in aMVECs but not in macrovascular HUVECs or microvascular cMVECs.
This effect of OA in aMVECs was both time and concentration dependent. It was quite rapidly induced, requiring around 4 hours but then further increasing over the 48-hour exposure time. As shown by the concentration curves in Supplemental Figure 1 , A-D (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125914DS1), oleic and palmitic acid as well as the short-chain FA octanoate significantly increased the expression of FABP4, CD36, and PPARγ in aMVECs. A similar effect was seen with the unsaturated omega-3 FA α-linolenic acid (Supplemental Figure 1E) . Thus, longchain FAs, independent of degree of saturation, induce PPARγ and lipid transporters in aMVECs while macrovascular HUVECs and cMVECs are unresponsive.
Of note, there was no additive effect of OA and ROSI in aMVECs, suggesting that the effect of OA was mediated through PPARγ activation. This was also confirmed by the finding that 2 specific PPARγ inhibitors, GW9662 and T0070907( Figure 1 , E and F), completely inhibited the effect of both OA and ROSI on FABP4 and CD36 activation. Thus, microvascular aMVECs show marked differences in their regulation by FA and ability to respond with PPARγ activation compared with other macro/microvascular endothelial cells. As shown in Figure 1I , aMVECs were also characterized by high endogenous transcriptional levels of PPARγ. To further verify specificity in the regulation of lipid transporters, we examined whether aMVECs were responsive to VEGF-B, previously shown to regulate lipid transport in microvascular endothelial cells from skeletal muscle and heart (13, 27) , but saw no such effects ( Figure 1H ).
aMVECs are not adipose precursor cells. Adipose precursor cells are closely associated with vascular cells (28) , and adipose cells can grow from cultured, intact human adipose tissue biopsies (29) . Thus, we examined whether these purified CD31 + aMVECs could become adipose cells by incubating them with adipogenic differentiation cocktail or OA for several days. Although they could clearly accumulate many small lipid droplets when incubated with OA ( Figure 2 , B and E), this was not induced by the differentiation cocktail alone (Figure 2I ) and no lipids were accumulated in the absence of OA ( Figure 2H ), contrasting with the expected effect seen in PAs (Figure 2 , F and G). Furthermore, the cells never accumulated large lipid droplets or expressed markers of specific adipogenic differentiation, such as CCAAT/enhancer-binding protein α (CEBPα) and glucose transporter 4 (GLUT4) (Figure 2 , J-N). In addition, aMVECs did not express PPARγ2 (data not shown). Thus, we conclude that the aMVECs are not adipogenic precursor cells but do express some "adipose-like" markers, supporting that they are specialized and adapted to the function of the adipose tissue.
Uptake and release of lipids by aMVECs. To further characterize the integrated function of aMVECs, we incubated the cells without or with OA for up to 48 hours. During the last 24 hours, we also added the lipolytic agent forskolin to examine whether this reduced the accumulated triglycerides. The microphotographs in Figure 2 Figure 2D ). Cells continuously exposed to OA also had clear small lipid droplet accumulation ( Figure 2E ) but never differentiated to adipose cells.
aMVEC adipocytes cross-talk in regulating lipid compartmentalization. To further characterize the interaction between aMVEC and SAT adipocytes, we performed coculture experiments using 2 experimental designs (Figure 3, A and B) . aMVECs or partially differentiated PAs were preloaded with BODIPY to allow the identification of FAs ( Figure 3 , C and D, microphotographs). The cells were then carefully washed before the coculture insert was introduced. As shown in Figure 3D (microphotographs), preloading the adipocytes allowed BODIPY uptake in aMVECs and vice versa from BODIPY preloaded aMVEC into adipocytes ( Figure 3C ). aMVECs accumulate many small lipid droplets, which are released and taken up by the PAs and accumulated in their large droplets. No direct quantification of lipid accumulation was performed, but additional experiments were performed with similar results, as shown in Supplemental Figure 2 , A and B. These data support the expected intimate bidirectional cross-talk between the adipose cells and aMVECs in release and uptake of FAs.
OA does not activate PPARγ or FA transporters in PAs. In contrast with aMVECs, the presence of OA for 24 hours or longer did not increase the transcriptional activation of CD36, FABP4, or PPARγ in PAs whereas the cells were, as expected, responsive to PPARγ ligands ( Figure 4 , A-C). Thus, FA uptake by the PA is primarily regulated at the substrate level and by exogenous PPARγ ligands.
Effects of aMVECs on PA differentiation and PPARγ activation. The potential role of the intimate cross-talk between the human PAs and aMVECs in also activating PPARγ in the adipose cells was then addressed. This is an important question because human PAs are dependent on an external PPARγ ligand for differentiation and lipid storage (17) and, thus, are unable to induce or secrete endogenous PPARγ ligands in contrast with murine 3T3-L1 cells (16) .
To directly test the cross-talk between these cells, we performed Thincerts cocultures with human PAs and aMVECs, examining the effect on PPARγ and FABP4 in the PAs. PAs were cultured for 48 hours, and inserts with cultured aMVECs were then added on top of the PAs for an additional 48 hours. The graphs in Figure 4 , D and E, show that aMVEC inserts significantly increased the transcriptional activation of FABP4 and PPARγ in PAs. The degree of activation of PPARγ was related to the phenotype of the donor such that the medium released by aMVECs from obese donors activated PPARγ to a greater extent than cells or medium from lean donors ( Figure 4F ).
To further validate the presence of PPARγ agonist(s) in the supernatants of cultured aMVECs, we examined the effect of the culture medium in the cell-based PPARγ reporter assay GeneBLAzer. As shown in Figure 4G , aMVEC-conditioned medium significantly increased PPARγ activation in the reporter cells (PPARγ-UAS-bla HEK 293H cells), an effect that was further enhanced by the presence of OA in the culture media, which activated PPARγ to a similar extent as 1 nM ROSI ( Figure 4H ). However, we did not see this when we incubated the cells with media from the cultured PAs from the same donors ( Figure 4G ). Although the nature of the secreted PPARγ ligands is currently under investigation, recovery of PPARγ activation in lipid medium extracts supports that they are lipids. This is further supported by the direct enhancing effect of FAs in aMVECs and the importance of aMVEC ATGL in mediating this effect, as discussed below.
To further validate the role of FAs in inducing endogenous and secreted PPARγ ligands in aMVECs, we examined whether the free FA receptor 1-specific (FFAR1-or GPR40-specific) and modified FA ligand GW9508 exerted similar effects as OA and other FAs in aMVECs. As shown in Figure 5 , A and B, GW9508 was even more potent than OA in enhancing PPARγ and FABP4 in aMVECs. In addition, human PAs responded to GW9508 ( Figure 5 , C and D) but not to OA, as discussed, showing that modified FAs can be PPARγ ligands in both cell types while only aMVECs directly respond to native FAs.
We then examined mechanisms for the effects of FAs, focusing on documenting the regulatory effect of PPARγ itself and the importance of ATGL and hormone-sensitive lipase (HSL) in generating ligands and activating PPARγ. 
PPARγ is critical for endogenous FABP4 and CD36 activation by OA and GPR40 ligand in aMVECs.
To further validate the importance of PPARγ in regulating the FA transporters, we silenced PPARγ in aMVECs, and this significantly inhibited the effects of both OA and GW9508 on FABP4 and CD36 ( Figure 6, A-D) . Similar results were found for the PPARγ ligand ROSI (Figure 6 , E-G).
These results confirm that PPARγ plays a critical role in mediating the effect of both OA and the modified lipid ligand GW9508 in enhancing lipid transport in aMVECs.
ATGL is critical for endogenous PPARγ, FABP4, and CD36 activation by OA and GPR40 ligand. OA increased lipid droplet formation in aMVECs, and these were reduced by cAMP activation (Figure  2 ), supporting the importance of ATGL. OA also increased ATGL protein in aMVECs ( Figure 7A ). To examine the importance of aMVEC lipolysis, we silenced ATGL in aMVECs, and this completely inhibited the positive effect of OA on PPARγ and the PPARγ-regulated lipid transporters (Figure 7 , A-E). Interestingly, basal PPARγ protein was also reduced, supporting a constitutive effect of ATGL on endogenous PPARγ expression in aMVECs. In addition, the positive effect of the GPR40 agonist GW9508 on these transporters was markedly inhibited by silencing ATGL (Figure 7, G-J) . To exam- Microphotographs showing aMVECs and adipocytes cross-talk. aMVECs previously exposed to OA and partially differentiated PAs were grown independently as described. The differentiated PAs (PA diff) and aMVECs filled with lipids were incubated with 3 μM fluorescent BODIPY for 3 hours (upper microphotographs). After a thorough wash of the excess label with PBS, the labeled and not labeled cells were paired as shown in the figures (A) and (B), and the microphotographs were taken after 48 hours of coculture (bottom microphotographs). Original magnification, ×100 (left); ×400 (right).
ine whether this effect was specific for ATGL, we silenced HSL. As shown in Supplemental Figure  3 , suppression of HSL, in contrast with ATGL silencing, did not inhibit the positive effects of OA or GW9508. We conclude that ATGL, but not HSL, plays a critical role in aMVECs for FA-induced PPARγ and lipid transporter activation and, thus, for the induction of their endogenous and secreted PPARγ ligands. PPARγ-UAS-bla HEK 293H cells were plated in a 384-well plate and cultured for 20 hours with aMVEC-or PA-conditioned medium obtained after 24 hours of incubation. Naive medium was used as a control. After the incubation time the assay was resolved as described in Methods, and the fluorescence emission values at 460 nm (blue) and 530 nm (green) were obtained after 90 minutes using a fluorescence plate reader. (G) The bars show the blue/green ratio after background subtraction (medium only, without cells) for each condition tested; n = 6. *P < 0.05; **P < 0.01 compared with naive medium; # P < 0.05 compared with BAS aMVECs. (H) Dose-response of PPARγ-UAS-bla HEK 293H cells exposed to ROSI and resolved with the same assay (n = 4). Bars represent mean ± SEM. Kruskal-Wallis test (A-C and G) and Wilcoxon's signed-rank test (D and E).
aMVECs are unable to store large triglyceride droplets, indicating that lipids taken up by the cells need to be released continuously. As shown in Figure 7F , aMVECs cultured with OA for 24 hours accumulated many lipid droplets, and silencing ATGL further increased the number and size of the lipid droplets around 4-fold, supporting ATGL as an important regulator of continuous lipid degradation and activator of PPARγ in aMVECs and, subsequently, in adipocytes.
To further validate this, we performed coculture experiments with human PAs and aMVECs with or without prior silencing of ATGL in the aMVECs. As shown previously in Figure 4 , D and E, aMVECs enhanced activation of PPARγ and FABP4 in PAs. Analogously, silencing ATGL in aMVECs markedly reduced transcriptional activation of PPARγ, CD36, and FABP4 in PAs in the coculture experiments (Supplemental Figure 4) . These findings corroborate the importance of the cross-talk between aMVECs and PAs in promoting PPARγ activation and the associated differentiation of the adipocytes and its regulation by ATGL in aMVECs.
Discussion
The adipose tissue is the main storage site for excess lipids and release of FAs as needed for energy homeostasis. PPARγ activation is essential for adipose precursor cells to undergo adipogenic differentiation (15) and to maintain their white phenotype through the cross-talk between zinc finger protein 423 and PPARγ (29) (30) (31) . Murine cell lines, like 3T3-L1 cells, secrete their own ligands for PPARγ (15, 16) . However, human adipose cells in vitro require external ligands for differentiation, and they undergo dedifferentiation if removed (17) . This obviously cannot be the case in vivo, but how this is regulated is unknown. Several modified lipid species have been shown to activate PPARγ (32-34), but their physiological relevance is unclear.
The adipose tissue contains several different cells, and integrated communication between the cells is not unexpected. Recent studies showed that the adipose tissue is a major source of circulating exosomal miRNA targeting other tissues (10) . Similarly, it was recently shown that murine endothelial cells release extracellular vesicles targeting the adipose cells in a glucagon-and sphingomyelinase-dependent system (9) . We here show another distinct and important cross-talk, such that the adipose tissue endothelial cells regulate adipose cell lipid uptake and function through FA-dependent activation of PPARγ in the aMVECs and associated secretion of PPARγ ligand(s).
Human adipose tissue-derived endothelial cells have not been studied much previously, but a recent study showed that these cells are responsive to exogenous PPARγ ligands, leading to an increase in FA transporters, as we show here with FAs directly (20) . It was also shown that senescence in these cells reduced their responsiveness to PPARγ ligands. We have also found that aMVECs can become senescent and are currently examining mechanisms and consequences for the adipose cells.
Using our previously described method to obtain purified aMVECs (26), we showed that they have an active transport of FA and that prolonged elevation of FA levels, as seen in obesity and T2D, induce a marked enhancement of their FA transport capacity and increase key FA-transporting proteins. This would obviously not only be related to external serum levels but also be following increased adipose cell lipolysis. A and B) or PAs (C and D). Data are from at least 6 experiments. *P < 0.05; ***P < 0.001 compared with BAS. Bars represent mean ± SEM. Kruskal-Wallis test.
The effect of FAs was concentration and time dependent, required endogenous PPARγ activation, and was inhibited by different selective PPARγ antagonists and by genetic silencing of PPARγ. Consistent with this concept, mouse models with ubiquitous endothelial cell PPARγ deletion developed elevated lipid levels in the blood and had impaired uptake in peripheral tissues (18, 19) . Thus, endothelial cell PPARγ is important for lipid transport and elimination to and from the blood in both human and murine cells. It has also been shown that endothelial cell CD36 acts as a gatekeeper for parenchymal FA uptake in the heart and skeletal muscle and that increased FA uptake in these tissues, not unexpectedly, reduces whole-body insulin sensitivity (35) . In contrast, increased uptake and storage of FAs in the white adipose tissue should be protective for whole-body insulin sensitivity (36) .
In contrast with aMVECs, human adipose precursor cells from the same donors did not respond to exogenous FAs with either PPARγ or FABP4 induction, consistent with the findings that these cells are dependent Wilcoxon's signed-rank test; *P < 0.05; **P < 0.01. cells, and endothelial cells have been postulated as adipose precursor cells (28) . However, our data clearly show that mature aMVECs are not adipose precursor cells and cannot undergo adipogenic differentiation when exposed to a full differentiation cocktail. They do, however, accumulate lipid droplets when exposed to FAs and also respond to cAMP elevation by reducing their lipid content as a direct consequence of activating ATGL. Silencing ATGL for up to 72 hours increased their lipid accumulation, but the aMVECs cannot store large lipid droplets and, thus, can be susceptible to undergo lipid toxicity. These findings support the concept that ATGL plays an essential role in aMVECs by regulating their lipid accumulation and cell health.
An additional important finding was that ATGL-induced lipolysis, but not by HSL, is essential for the formation of endogenous and secreted lipids that activate PPARγ and the downstream PPAR-responsive FA transporter proteins in aMVECs. Furthermore, the adipose precursor cells responded to these secreted lipid(s) with increased PPARγ and FABP4 activation, showing the intimate cross-talk and dependence on aMVECs. Cocultures with aMVECs and PAs further documented the importance of functional ATGL in aMVECs in maintaining PPARγ activation and adipogenic differentiation, indicating that dysfunctional aMVECs in the adipose tissue may directly also lead to dysfunctional adipose cells.
We did not examine whether aMVECs also secreted ligands for PPARα following increased FA exposure. However, recent studies have shown that ATGL is important for the generation of ligands for PPARα in both the heart and liver (23) (24) (25) . Thus, ATGL appears to have a particular role in the formation of modified lipids targeting the PPAR family in several tissues, and this effect is independent of any exogenous adrenergic stimulation or of HSL.
Even if aMVECs cannot become differentiated adipose cells, it is clear that they are highly specialized and resemble the adipose cells in several pathways related to lipid transport and accumulation. We also showed that aMVECs are different from both macrovascular HUVECs and microvascular cells derived from the heart in their gene regulation and ability to respond to FAs. This difference between endothelial cells is consistent with our previous findings that aMVECs do not respond to the amino acid metabolite 3-HIB, promoting FA uptake in skeletal muscle cells as well as in HUVECs and cMVECs (37) . Thus, aMVECs have adopted a phenotype with specific advantages for their location as a barrier between blood and the adipose cells and with the ability to enhance lipid uptake, release, and storage/function in the adipose cells.
Finally, we showed here as well that the downstream effect of GPR40 ligands on FA transporters in aMVECs is dependent on ATGL. GPR40 has been shown to be an important downstream mediator of the effect of pioglitazone and other PPARγ ligands in human pulmonary endothelial cells (38) . However, our data showed that this downstream effect in aMVECs is also dependent on ATGL and, thus, the formation of lipolytic products that enhance PPARγ activation (39) .
Taken together, we showed here for the first time to our knowledge that human adipose tissue-derived endothelial cells are highly specialized and important regulators of adipose tissue lipid uptake and release and that they also cross-talk with the adipose cells to regulate PPARγ and ability to take up and store lipids. A priority is to identify the lipids aMVECs secrete and the mechanisms for the formation of PPAR ligands by ATGL. In this context, it should be added that several covalent modifications of FAs, including their nitration, have been shown to enhance the ability to activate PPARγ (38) , but aMVECs essentially lack nitric oxide synthase 3 (26) , making this an unlikely modification.
Methods
Source of adipose tissue. Human needle biopsies of the SAT were obtained from the abdominal region from 43 healthy donors and used to isolate aMVECs and the stromal vascular fraction containing PAs. The donors were 21 women and 22 men; had an average BMI (±SEM) of 27 (±0.9) and 27.4 (±0.8) kg/m 2 , respectively; and were 50.6 (±2.4) and 43.8 (±2.7) years old, respectively.
aMVEC and PA isolation and culture. About 3 g adipose tissue was incubated in Medium199, Hanks' solution (Thermo Fisher Scientific), containing 4% BSA (Sigma-Aldrich) and 0.8 mg/ml collagenase (Sigma-Aldrich), at 37°C. The digest was filtered and washed with fresh medium as described previously (26) . The fraction containing the stromal vascular cells was collected and cultured in an endothelial cell (EC) growth medium, EGM-2MV BulletKit (Lonza), consisting of EC basal medium-2 supplemented with EGM-2MV SingleQuot Kit (Lonza). The extraction of human aMVECs was performed with the Dynabeads magnetic CD31 MicroBeads cell sorting system (Thermo Fisher Scientific) as described previously (26) . The positive selected ECs were resuspended in EC growth medium and cultured. The cells obtained with this procedure were 99% ECs with typical cobblestone morphology. Passages no higher than 8 were used for the experi-
